1. Introduction {#sec1}
===============

Incisional hernias can occur after abdominal surgery and can cause serious complications. The use of prosthetic mesh in incisional hernia repair is the accepted current practice [@bib1; @bib2; @bib3]. The meshes are placed either extraperitoneally or intraperitoneally. Repair of the abdominal wall is done using autologous tissue (fascia grafts or tissue flaps), synthetic materials such as polypropylene mesh or biological materials such as human acellular dermal matrix (HADM [@bib4].

The complications associated with intraperitoneal mesh repair include adhesions and seroma formation. The areas of adhesion are at the sutures, mesh margins or tacks used in laparoscopic hernia repair [@bib2; @bib3; @bib5; @bib6]. Different materials have been used to prevent adhesions. They include coated meshes, composite meshes and anti adhesive barriers. A good composite mesh would combine excellent parietal surface tissue in-growth with minimal visceral surface adhesiveness [@bib5; @bib7]. The currently available composite meshes (Parietex composite™(Covidien), Composix™(Bard), Proceed™ (Ethicon)) claim to possess these characteristics, but are very expensive in the Indian scenario.

Chitosan, a partially deacetylated form of chitin (obtained from sea shells) has been found to reduce adhesions and is of interest as a novel biomaterial coating [@bib4; @bib8; @bib9]. It is hypothesized that coating the polypropylene mesh with Chitosan will reduce the adhesions and help in tissue remodeling while the Polypropylene component will allow tissue in-growth and contribute to the tensile strength. This forms the basis for the present study. It is already well known that polypropylene mesh produces severe adhesions [@bib9; @bib10; @bib11; @bib12] when placed intraperitoneally and hence not used separately as a control.

2. METHODS {#sec2}
==========

A randomized, controlled experimental study was done on twelve New Zealand white rabbits. The approval was obtained from the Institutional review board and the animal ethics committee of our institution. The Rabbits were divided into two study groups by simple randomization technique by the principal investigator (by picking a sealed envelope which contained a label as group 1 or group 2) and were allotted to the following groups.1.Polypropylene--polydioxanone composite with oxidized cellulose coating

(Proceed mesh™-Ethicon).2.Chitosan coated Polypropylene mesh

2.1. Preparation of chitosan coated polypropylene mesh {#sec2.1}
------------------------------------------------------

Chitosan is prepared by the deacetylation of chitin which is obtained from sea shells. A 1% solution of chitosan was made in 10% acetic acid. This solution was filtered with polyester chitin to remove impurities and centrifuged at 5000 rpm to remove smaller particles. The supernatant was used to coat the polypropylene mesh. The obtained mesh was sterilized with gamma irradiation.

2.2. Experimental procedure {#sec2.2}
---------------------------

Feeding was withheld 12 h before the procedureIntramuscular ketamine (35 mg/kg) and Xylazine (5 mg/kg) were used as inducing agents and the anesthesia was maintained with Intramuscular ketamine. A 2.5 × 2.5 cm defect was created by excising a portion of the rectus after incising the abdominal wall. The defect was closed with a 5 × 5 cm piece of either Proceed™ mesh, or Chitosan coated polypropylene mesh. The subcutaneous tissue was closed with 3--0 Vicryl suture. The skin incision was closed with subcuticular sutures using 3-0 monocryl. The Rabbits received Enrofloxacin and Meloxicam 0.5 mg/kg for five days postoperatively. Regular evaluation of the rabbit\'s condition was done by the investigator assisted by the animal house keeper who was unaware of the randomization.

An overdose of Ketamine 100 mg/kg was given and following which the rabbits were sacrificed. Three animals in each group were sacrificed and examined at 4 weeks. The remaining animals were sacrificed and examined at 12 weeks. The abdominal wall was excised using a U-shaped incision well away from the mesh repair.IMacroscopic evaluation

Macroscopic scoring of adhesion formation and tissue integration was carried out.

The findings were recorded by an investigator who was unaware of the randomization.1)Assessment of Adhesions:

Adhesions were assessed qualitatively and semiquantitatively by the adhesion scoring and the modified diamond scale used in prior experimental studies [@bib7]. Photographs were taken, and the type, amount and extent of adhesions were scored in a blinded fashion by independent observers.a.Adhesion grading by resistance to lysis (Refer [Table 1](#tbl1){ref-type="table"}).

The strength of the adhesions was evaluated by its resistance to removal by using the following scoring system.b.Assessment of area of adhesion coverage on the mesh surface:

The adhesion coverage area was quantified by assigning a percentage to the area occupied by adhesions per unit total visible implant area. After describing the adhesions in vivo, the abdominal wall was completely excised and the areas of mesh that were free of adhesions were marked with red ink. All adhesions were then excised sharply, resulting in a topographic map, with uninvolved mesh being marked with red ink and the involved areas being left unmarked. Each specimen was photographed with a digital camera, and the resulting images were analyzed by an independent and blinded observer. Adhesions to the prosthetic mesh were scored for extent (%) using the Modified Diamond Scale [@bib7]. (Refer [Table 2](#tbl2){ref-type="table"}).2)Tissue integration

In growth of the mesh into the abdominal wall was analyzed by whether a back end forceps can be inserted between the mesh and the abdominal wall as done in a previous experimental study [@bib12]. Tissue in growth was scored as A (Integration of more than 70% of mesh surface), B (Integration of 50--70% of the mesh surface area) and C (Integration of less than 50% of the mesh surface area).IIHistological analysis

Every specimen was evaluated by a pathologist who was blinded to the sample. It was fixed in a 10% buffered formaldehyde solution. After routine tissue processing, 5-mm sections were cut and stained with hematoxylin and eosin. Sections were studied with light microscopy. Lymphocytic infiltration, polymorphonuclear leukocyte infiltration, giant cells, capillary proliferation, and fibroblast proliferation were evaluated semi quantitatively, as negative (−) or positive (+), (++), (+++). The parameters evaluated were: Inflammation, fibrosis, Material degradation, and remodeling.

Remodeling was characterized as:•Unremodeled -- if no degradation of the implant or cell infiltration occurred;•Partially remodeled -- if some degradation of the implant and deposition of new extracellular matrix occurred•Fully remodeled -- if there were no signs of the implant and only freshly deposited new extracellular matrix and cells were present.

2.3. Statistical analyses {#sec2.3}
-------------------------

All baseline variables were summarized using descriptive statistical methods. Mann--Whitney U test was used to analyze differences in adhesion grading, tissue integration and histological analysis. Fishers exact test was used to analyze difference in percentage of mesh covered with adhesions. A p value \<0.05 was considered to be statistically significant.

3. RESULTS {#sec3}
==========

I. Macroscopic analysis {#sec3.1}
-----------------------

1)Assessment of adhesions

Four weeks after the repair the gross appearances of hernia defects were compared. Mesh repair sites in both the groups were intact but had adhesions involving the omentum, bowel and liver. (Refer [Fig. 1](#fig1){ref-type="fig"}).

At the end of 12 weeks, both the chitosan coated polypropylene mesh and Proceed mesh repair sites showed visible implant with minimal degradation and remodeling. But the meshes were well integrated into the tissues.a.Adhesion grading by resistance to lysis

When the two groups were compared for resistance to lysis of the adhesions there was no significant difference between chitosan coated polypropylene mesh and the Proceed™ mesh (Grade 1 and grade 3), P value -- 0.99 and 0.65. (Refer [Table 3](#tbl3){ref-type="table"}).b.The area of adhesions coverage on the mesh surface

Chitosan coated polypropylene mesh resulted in greater adhesion coverage area compared with Proceed mesh, but was not statistically significant (Median percentage area of mesh (% PAM) covered with adhesions was 18% Vs 10%). P value -- 0.08 (Fisher\'s exact test) (Refer [Fig. 2](#fig2){ref-type="fig"}, [Tables 4 and 5](#tbl4 tbl5){ref-type="table"}).2)Tissue integration

The tissue integration appeared to be better in the Proceed group than in the Chitosan group though it was not statistically significant (p = 0.12) (Refer [Tables 6 and 7](#tbl6 tbl7){ref-type="table"}).

II. Histological analysis {#sec3.2}
-------------------------

There was no statistically significant difference between any of the histopathological parameters of the two groups. The markers of inflammation (PMNL, LI/PS, CP, GC) and fibrosis (AF, COLLAGEN) were compared between the two groups and there was no statistically significant difference between them (p = 0.62 and 0.80) (Refer to [Figs. 3 and 4](#fig3 fig4){ref-type="fig"}, [Tables 8 and 9](#tbl8 tbl9){ref-type="table"}). There was partial remodeling and mesh degradation in all the rabbits under the study. All the histological sections revealed persistence of the implant fibers with surrounding fibrosis and minimal degradation of the fibers.

4. Complications {#sec4}
================

The skin healing in both the groups were excellent and there were no complications of wound infection, dehiscence or hernia at the end of twelve weeks. Six out of the twelve animals (two in the Chitosan group and four in the proceed group) developed pressure sores over the bony prominences of the limbs that were in constant contact with the metallic cage.

5. Discussion {#sec5}
=============

Various materials have been added to polypropylene (composite meshes) to minimize its primary shortcoming of visceral adhesions. The study addressed the short-term reduction of adhesions and remodeling of a new biomaterial (Chitosan).

In this study, the investigator compared the barrier effects of Proceed™ mesh (Ethicon) and Chitosan coated Polypropylene mesh in experimentally created abdominal defect in rabbits. None of the rabbits in both groups were adhesion free.

At 4 weeks and 12 weeks the Proceed mesh and Chitosan coated Polypropylene mesh reduced the extent of adhesions. Majority of the adhesions were only omental. There was one rabbit in each group with dense adhesions involving the bowel. The median surface area involved by adhesions was greater in the Chitosan group compared to the Proceed group but this association was not statistically significant (p value -- 0.08).

It was observed that in the Chitosan group, at 12 weeks the rabbits had more dense adhesions and involved a larger surface area of the mesh when compared to the rabbits at 4 weeks. This could be attributed to the fact that the thin film of Chitosan that was coated on the mesh was absorbed and at 12 weeks more adhesions were formed. In terms of grading of adhesions there was no significant difference between the groups (p value -- 0.65).

Chitosan acts as an anti-adhesive barrier and it efficacy in reducing intra-abdominal adhesions has been scarcely studied [@bib4]. Paulo et al. [@bib9] studied the barrier effect of Chitosan films associated with polypropylene meshes on adhesion formation experimentally induced in Wistar rats. They demonstrated a decrease in adhesions when Chitosan films when sutured over polypropylene meshes as compared to polypropylene meshes alone.

An experimental study by Thomas et al. [@bib13] compared Chitosan coated polypropylene mesh with plain polypropylene mesh in incisionally created ventral hernia in rats. At a follow up of 12 weeks there were significantly fewer adhesions in the Chitosan coated mesh group when compared to the plain polypropylene mesh. But the mesh was extruded in all the rats. The reason attributed was the non-porous nature of the mesh. This study is done to overcome the problems of this mesh by making it porous and also by coating the individual fibers.

A study was conducted to investigate the feasibility of using silk fibroin and Chitosan blend (SFCS) scaffolds for ventral hernia repair in guinea pigs [@bib4]. The investigator compared SFCS with biodegradable human acellular dermal matrix (HADM) and non-biodegradable polypropylene mesh by implanting each to repair an incisionally created ventral hernia in the abdominal wall using an inlay technique. At 4 weeks, both HADM and SFCS underwent remodeling by host tissue, but polypropylene mesh resulted in extensive bowel adhesions and scarring.

In a recent publication on coated meshes, Schreinemacher and colleagues [@bib14] concluded that absorbable layers on the surface of the mesh were able to prevent adhesion formation at 7 days, buts its effect is diminished at 30 days and adhesions to the mesh were substantial.

Both the Chitosan and the Proceed™ mesh supported good cellular infiltration, vascularization, scaffold biodegradation, deposition and remodeling of new extracellular matrix, and regeneration of the tissue with a gross appearance similar to that of the native abdominal wall musculofascia.

In both the groups the mesh was reasonably well integrated into the host tissue. There was partial remodeling of the mesh in all the animals studied. Despite the success of integration in small animals, clinical translation into humans will require further long-term studies. The skin healing in both the groups were excellent and there were no complications of wound infection, dehiscence or hernia at the end of 12 weeks.

6. Conclusions {#sec6}
==============

Effective abdominal wall defect closures were achieved in rabbits with minimal peri-operative morbidity, no clinical implant infection, and no early recurrences. Chitosan was found to be effective in reducing post surgical adhesions. Its efficacy was better at four weeks than at twelve weeks. When compared with the Proceed™ mesh there was no statistical significance in the area of adhesion, force required to remove the adhesions, tissue integration and remodeling. Histological analysis revealed that the inflammatory response, fibrosis, material degradation and remodeling were similar in both the groups. Chitosan coated polypropylene mesh was found to be comparable to the Proceed™ mesh in the outcomes assessed. However this is not confirmatory. This has to be interpreted with caution due to the small sample size. The result also reinforces the fact that currently available coating materials can reduce early adhesions, but not late adhesions. Modification of the chitosan coating and finding other innovative ways to help reduce late adhesions is a challenge. This can reduce pot operative complications due to adhesions significantly. Chitosan is an economic and potential alternative to the expensive composite meshes, especially in developing countries. This study has given the authors encouraging results and the impetus to continue research in this field. Further long term studies are required to address the problem of late adhesions to lend credibility to the claims of chitosan coated meshes in reducing visceral adhesions.
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![Omental adhesions in the Chitosan and Proceed group.](gr1){#fig1}

![Box plot showing percentage adhesion coverage of the mesh surface (PAM) in the Chitosan group and the Proceed group.](gr2){#fig2}

![High magnification view of histologic section of musculofascial -- implant (chitosan) interface showing chitosan fibres with surrounding inflammatory cells.](gr3){#fig3}

![High magnification view of histologic cross-section examination of musculofascial -- implant interface showing Proceed™ mesh fibers with surrounding inflammatory cells.](gr4){#fig4}

###### 

Adhesion scoring.

  Adhesion score   Characteristics
  ---------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  0                **Without adhesions**
  1                **Flimsy adhesions:** Easily removed with blunt dissection and results in limited bleeding
  2                **Intermediate adhesions:** removed with more aggressive blunt dissection or little sharp dissection, results in moderate bleeding and good plane of dissection present
  3                **Firm adhesions:** Removed only with sharp dissection, bleeds heavily and no plane of dissection present.

###### 

Modified diamond scale.

  Grade   Adhesion
  ------- ----------
  0       0%
  1       1--25%
  2       25--50%
  3       50--75%
  4       \>75%

###### 

Adhesion grading.

  Chitosan group   Score
  ---------------- -------
  C1               2
  C2               1
  C3               1
  C4               3
  C5               1
  C6               2
  Proceed group    Score
  P1               1
  P2               2
  P3               1
  P4               1
  P5               3
  P6               1

###### 

Area of adhesions -- Chitosan group.

  Rabbit no:   Area of adhesions   Score
  ------------ ------------------- -------
  C1           15%                 1
  C2           29%                 2
  C3           14%                 1
  C4           50.3%               3
  C5           13.75%              1
  C6           22%                 1

###### 

Area of adhesions -- Proceed group.

  Rabbit no:   Area of adhesions   Score
  ------------ ------------------- -------
  P1           12%                 1
  P2           25%                 1
  P3           21%                 1
  P4           2.5%                1
  P5           7.1%                1
  P6           8.2%                1

###### 

Chitosan group.

  Rabbit no:   Tissue integration
  ------------ --------------------
  C1           A
  C2           B
  C3           B
  C4           A
  C5           C
  C6           B

###### 

Proceed™ group.

  Rabbit no:   Tissue integration
  ------------ --------------------
  P1           B
  P2           A
  P3           A
  P4           B
  P5           A
  P6           A

###### 

Histological analysis -- Chitosan group.

  Rabbit no:   PMNL   FB   AF   CP   GC   LI/PS   Collagen/Fibrosis   Material degradation   Remodeling
  ------------ ------ ---- ---- ---- ---- ------- ------------------- ---------------------- ------------
  C1           0      1+   1+   0    0    0       2+                  --                     Partial
  C2           2+     3+   3+   2+   1+   3+      2+                  \+                     Partial
  C3           0      0    1+   1+   0    0       2+                  NA                     Partial
  C4           0      1+   1+   3+   1+   1+      2+                  NA                     Partial
  C5           3+     2+   1+   1+   1+   3+      3+                  \+                     Partial
  C6           1+     1+   3+   2+   0    1+      3+                  \+                     Partial

###### 

Histological analysis -- Proceed group.

  Rabbit no:   PMNL   FB   AF   CP   GC   LI/PS   Collagen/Fibrosis   Material degradation   Remodeling
  ------------ ------ ---- ---- ---- ---- ------- ------------------- ---------------------- ------------
  P1           0      3+   2+   1+   3+   1+      3+                  \+                     Partial
  P2           1+     1+   2+   1+   1+   1+      3+                  \+                     Partial
  P3           1+     2+   2+   3+   2+   2+      2+                  \+                     Partial
  P4           0      0    0    2+   0    0       1+                  NA                     Partial
  P5           0      2+   1+   1+   1+   1+      2+                  \+                     Partial
  P6           2+     2+   3+   3+   2+   2+      3+                  \+                     Partial

PMNL = polymorphonuclear leukocytes; FB = Foreign body reaction, AF + Active fibroblasts, CP = Capillary proliferation, GC = giant cell; LI/PS = lymphocyte infiltration/Plasma cells.
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